An asymptomatic Atrial Septal Defect (ASD) is often closed at the age of 3-5 years using a transcatheter or surgical technique. Symptomatic ASD or ASD associated with pulmonary hypertension (PHT) may require earlier closure, particularly in combination with other non-cardiac risk factors for PHT, but the indications for early closure and the potential risk for complications are largely unknown. The aim of this study was to assess risk factors for needing ASD closure during the first and second years of life. This case-control study included all children treated with surgical or percutaneous ASD closure between 2000 and 2014 at two out of three pediatric heart centers in Sweden. "Cases" were children with ASD closure at ≤1 or ≤2 years of age. Clinical data were retrieved from medical journals and national registries. Overall, 413 children were included. Of these, 131 (32%) were ≤2 years, and 50 (12%) were ≤1 year. Risk factors associated with a ≤2 years ASD closure were preterm birth, OR = 2.4 (95% CI: 1.5-3.9); additional chromosomal abnormalities, OR = 3.4 (95% CI: 1.8-6.5); pulmonary hypertension, OR = 5.8 (95% CI: 2.6-12.6); and additional congenital heart defects, OR = 2.6 (95% CI: 1.7-4.1). These risk associations remained after adjustments for confounding factors, such as need for neonatal respiratory support, neonatal pulmonary diseases, neonatal sepsis, additional congenital heart defects (CHD) and chromosomal abnormalities. ASD size:body weight ratio of 2.0, as well as a ratio of 0.8 (upper and lower limit of the ASD size:body weight ratios), was associated with increased risk of an early ASD closure. Risk factors such as very premature birth, very low birth weight, congenital, and chromosomal abnormalities, neonatal pulmonary disease and need for ventilation support, as well as pulmonary hypertension, were associated with very early (<1 year of age) ASD closure. Several independent neonatal risk factors were associated with an increased risk of early ASD closure at 2 and at 1 year of age. An ASD size:body weight ratio is a poor predictor for indications for ASD closure.
INTRODUCTION
Asymptomatic Atrial Septal Defects (ASD) are preferably closed when the children have reached the age of 3-5 years (1, 2) . A significant ASD causes a left to right shunt leading to volume overload, enlargement of the right atrium and ventricle and altered myocardial structure and function (3) . Preterm children may be three times as common among children with percutaneous device closure than in the general Swedish population (4) .
The myocardium of the preterm child has irreversible morphological and global structural alterations (5) (6) (7) (8) . Even long after the neonatal period and into adulthood, the morphology of both the ventricles as well as the function is impaired or altered (6) (7) (8) (9) (10) . Being born prematurely, prior to 37 gestational weeks, accounts for 6% of all newborns in Sweden (11) . Advances in perinatal care over the last 30 years have led to significant improvements in survival rates, but the risk of early death and pulmonary, neurological, cognitive and cardiovascular morbidity remains (12) .
We hypothesize that preterm birth is a risk factor for an early ASD closure (surgical or percutaneous device closure) compared to term children, due to the complex comorbidity, often large ASD size in relation to low bodyweight and cardiac alterations. The aim of this study was to assess risk factors for an early ASD closure, taking into account several potential confounding factors, including the ASD size: bodyweight ratio.
MATERIALS AND METHODS

Material
The study included all children born in Sweden who were treated with an ASD closure, surgically or percutaneously, before the age of 18, between January 2000 and December 2014 at Skåne University Hospital in Lund and the Astrid Lindgren Children's Hospital at Karolinska University Hospital in Stockholm, Sweden. This cohort was studied in a previous study on adverse events after ASD closure (13) . Cases were children aged 2 years or younger at the time of ASD closure. Controls were children of an older age. In a second analysis, cases were defined as children of 1 year of age and younger and controls were children older than 1 year of age at the time of ASD closure.
Exposure Information and Risk Factors
Data were retrieved from medical records and the Swedish National Birth Register (MFR) (14) . Gestational age was estimated from the antenatal determination of gestational age by ultrasound and retrieved from MFR. Premature birth was considered to be birth prior to 37 completed gestational weeks and was stratified according to gestational age at birth: late, 32 to <37 weeks; very premature, 28 to < 32 weeks; and extremely premature, <28 weeks. Analyses were also made for children born prior to 32 completed gestational weeks as a group (i.e., very and extremely premature children). The largest diameter of the ASD was measured using transesophageal echocardiography (TEE) images, expressed in millimeters and retrieved from stored videotapes and digital examinations. A ratio for ASD size (mm):bodyweight (kg) was calculated and the upper and lower limit of the standard deviation distribution, (0.8-2.0), was used for cut-off limits in the multivariate model.
Potential risk factors, such as the need for neonatal respiratory support, neonatal pulmonary diseases, neonatal sepsis, additional congenital heart defects (CHD) and chromosomal abnormalities, were retrieved from MFR and medical records. Factors such as symptoms from volume overload or pulmonary hypertension prior ASD closure were retrieved from medical records.
Statistical Analyses
Depending on the type of data, mean (std.) or percentage (%) was calculated. Student's t-test was used for parametrically distributed variables (unpaired two-sided) and Person's χ 2 for categorical data. A p < 0.05 was considered significant.
Conditional logistic regression was performed to evaluate the association between ASD closure at an age of 2 years or younger and all significant potential risk factors (p ≤ 0.05) with a substantial number of exposed cases and controls. Maximum-likelihood estimates of the odds ratio (OR) and 95% confidence interval (CI) were obtained, taking into account potential confounding factors. Regression models were not used to analyze ASD closure in children below 1 year of age, due to small numbers.
Univariate and multivariate conditional logistic regression was performed for early ASD closure for three groups: 
RESULTS
Study Population
Of a total of 513 children treated with an ASD closure, 98 were excluded due to invalid identification number (n = 8), being born abroad (n = 55), or due to refusing consent to participate (n = 33). Thus, 413 children were included in the study population for analysis (Figure 1) . A total of 131 (32%) cases were 2 years of age or younger at the time of ASD closure. Device closure was more common than surgical closure among controls (n = 194 vs. n = 88), while type of closure was equally distributed among cases (n = 68 vs. n = 63). Cases below 2 years of age were born at an earlier gestational age, with a lighter birth weight, and more commonly with comorbidities, such as chromosomal abnormalities, other types of CHD, and required neonatal respiratory support ( Table 1) .
A large ASD size in relation to bodyweight (ASD size:bodyweight = 2), as well as a smaller ASD size in relation to bodyweight (ASD size:bodyweight = 0.8) was more common among cases of 2 years of age or younger ( Table 1) .
Pulmonary hypertension being stated as the indication for closure was more common among cases aged 2 years or younger ( Table 1) .
Overall, 50 (12%) cases were 1 year of age or younger at the time of ASD closure and, of these, 32% had an ASD device closure and 68% a surgical closure ( Table 2) . Most neonatal and preinterventional factors were more common among these young cases ( Table 2) . 
Risk Factors
Being born prematurely was associated with the risk of an ASD closure at 2 years of age and younger, OR = 2.4 (95% CI: 1.5-3.9) for all used ASD closure methods, and even more for surgical ASD closure, OR = 2.9 (95% CI: 1.3-6.3) ( Table 3) .
Severe neonatal morbidities, such as sepsis and the need for neonatal ventilation support of any kind, were associated with increased risk of an early ASD closure, and especially for surgical closure ( Table 3) . In a univariate analysis, very and extremely premature birth were also associated with the risk of an even earlier ASD closure, at 1 year of age and younger, for all used ASD closure methods ( Table 4 ). All neonatal morbidities and medical support, as well as additional congenital and chromosomal abnormalities, were associated with ASD closure at 1 year of age or younger ( Table 4) .
The risk of requiring early ASD percutaneous device closure was associated with additional chromosomal abnormalities, OR = 3.2 (95% CI: 1.4-7.5); pulmonary hypertension, OR = 3.9 (95% CI:1.2-12.1); additional CHD, OR = 4.4 (95% CI: 1.9-10.5); and pulmonary hypertension, OR = 13.2 (95% CI: 1.2-143), after adjustments were made for confounding factors ( Table 5 ). An ASD size:body weight ratio of 2.0, as well as a ratio of 0.8, was associated with increased risk of an early ASD closure, even after adjustments for confounding factors were made ( Table 5) .
DISCUSSION
An atrial septal defect (ASD) allows the shunting of blood from the systemic and pulmonary circulation and causes right heart volume overload (15) . Spontaneous closure has been described for small or moderate sized ASD (16) (17) (18) . In children with an asymptomatic ASD, guidelines recommend elective ASD closure at 3to 5 years old (15) . Closure of ASD has been suggested when there is clinical evidence of volume overload with pulmonary to systemic blood flow (Qp:Qs) >1.5 and right heart enlargement. ASD-related symptoms, such as failure to thrive and impaired exercise tolerance, pulmonary hypertension and failure to wean from respiratory support may lead to early ASD closure (1, 15, 19, 20) . In our study, persistent pulmonary hypertension after birth was linked to an increased risk of early closure, especially when the ASD size: weight ratio was low. Thus, recommendations for closure, such as pulmonary hypertension, were met in our study.
An Qp:Qs >1.5, as well as right heart enlargement, was equally common among cases and controls, indicating that the risk of overtreatment among cases is limited in our study. The risk of selection bias due overtreatment of young children in our study was thus limited.
Premature Birth
Children born prior to a gestational age of 37 weeks (premature), have an altered myocardium compared to term-born children (5) (6) (7) 21) . These alterations, as described in echocardiographic and magnetic resonance imaging studies, are present even long after the neonatal period (6) (7) (8) (9) (10) 21) . Preterm birth (prior to 32 gestational weeks), as well an extremely preterm birth (prior to 28 gestational weeks), was more common among children with an early closure before 2 years of age, as well as for closure before 1 year of age. However, the association between an early closure and premature birth was only present when adjustments for confounding factors were made, including ASD size:body weight ratio = 2. Thus, children with a low bodyweight at closure, as is common in preterm children, and with a larger ASD size, have an increased risk of ASD closure at young age. The myocardial impairment recently found in prematurely born children, perhaps along with smaller heart volumes, can have an impact on this risk.
Surgical Repair
Spontaneous closure has been described in ASDs of 5 mm or less. However, some ASDs may enlarge over time (18, 19) . Numerous studies have described the safety and efficacy of ASD closure, and it is suggested that the percutaneous approach is preferable to surgery in most patients (20, 22, 23) . In our study, the presence of other congenital heart defects was associated with an increased risk of ASD closure. This risk was, not surprisingly, greater among the surgical closures (OR = 4.4 (95% CI 1.9-10.5), and can be explained by the ASD being closed at the same time as other, more severe heart defects, were repaired. This risk remained unaltered even after adjustments, as well as for children with an ASD size:body weight ratio = 2 and especially an ASD size:body weight ratio = 0.8. Therefore, in cases where a surgical repair was needed for other cardiac diseases, the ASD was closed even when the ASD size was small and bodyweight increased (ASD size:body weight ratio = 0.8). The surgeons are thus not likely to leave an ASD even if there could be a chance of spontaneous closure.
ASD Size:Bodyweight Ratio
According to current guidelines, a hemodynamically significant ASD with enlarged right side heart structures should be closed electively once the diagnosis is confirmed (1) . Factors such as increased ASD size:bodyweight ratio have previously been described as predicting the risk of complications following ASD device closure (24, 25) . An ASD size:bodyweight ratio = 1.2 or less has been considered optimal for percutaneous device closure (24) (25) (26) . In our study, the risk of an early ASD closure was associated with estimated ASD size:bodyweight ratio of 0.8 and of 2.0, even after adjustments for potential confounders. In a previous study, we did not find an increased risk of adverse events following ASD closure for children with large or small ASD size:bodyweight ratios (13) . This indicates that the ASD size:bodyweight ratio cannot be the only predictor of the need for an early closure nor for the risk of adverse events.
Risk Factors for Early Closure
It is well-known that congenital heart defects are more common among children with chromosomal abnormalities. Down syndrome is known to increase the risk of pulmonary hypertension, as well as symptoms of volume overload and heart failure in the presence of shunt defects (27) (28) (29) . Chromosomal abnormalities were associated with an increased risk of an early ASD closure in our study, OR = 3.2 (95% CI: 1.4-7.5). This risk was present for surgical, as well as device, closure, even when other factors were accounted for. Several studies have shown ASD repair in children with Down syndrome to be beneficial and safe (28, 30) . Children with chromosomal abnormalities may have earlier signs of enlarged right side heart structures and symptoms caused by volume overload. This study indicates that children with chromosomal abnormalities might be more sensitive to volume overload.
The cases in our study, children at 2 years of age or younger at closure, as well as 1 year of age and younger, obviously had a lower bodyweight than the controls of an older age. The benefits of ASD closure are well studied, and complete resolution of right ventricular enlargements have been described (31, 32) . The risk of adverse effects during and following ASD closures has also been studied for small children, even those born prematurely, and it is considered safe and effective (2, 4, 23) . A relationship between an improved myocardial function and an early closure of an atrial septal defect, especially in prematurely born children, has yet to be studied. The indications and predictors of an early closure have to be considered in these future studies.
Limitations and Strengths
This case-control study used medical records, as well as national registries to retrieve data. The risk of selection and recall bias is limited through using several sources. The registries have been validated, with good coherence between the registries and medical records (33, 34) . Two out of three Swedish heart centers that perform percutaneous device closure of ASD and one of two operating centers in Sweden contributed data to our study. This reduces selection bias and increases the number of included patients, which increases the power of the study (35) .
CONCLUSIONS
An increased risk of an early ASD closure is associated with additional chromosomal abnormalities and pulmonary hypertension. A larger ASD size in relation to lighter bodyweight (ratio = 2), or smaller ASD size in relation to a heavier bodyweight (ratio = 0.8) were associated with increased risk of an early ASD closure. The ratio between ASD size and bodyweight has a wide range when it comes to predicting an early ASD closure and might not be the best indicator of the need for ASD closure.
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